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Measurements of the Collins and Sivers asymmetries for charged pions and charged and neutral kaons 
produced in semi-inclusive deep-inelastic scattering of high energy muons off transversely polarised 
protons are presented. The results were obtained using all the available COMPASS proton data, which 
were taken in the years 2007 and 2010. The Collins asymmetries exhibit in the valence region a non-
zero signal for pions and there are hints of non-zero signal also for kaons. The Sivers asymmetries are 
found to be positive for positive pions and kaons and compatible with zero otherwise.
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The description of the nucleon spin structure is still one of the 
open issues in hadron physics. In the last decades major progress 
in this ﬁeld has been made by an interplay between new experi-
mental results and the development of non-collinear QCD. The ﬁrst 
information on transverse spin and transverse momentum effects 
have become available recently. Presently, the complete description 
of quarks in the nucleon includes all possible correlations between 
quark spin, quark transverse momentum and nucleon spin [1,2]. 
At leading twist, these correlations are described for each quark 
ﬂavour by eight transverse momentum dependent (TMD) parton 
distribution functions (PDFs). After integration over transverse mo-
mentum, only three of them survive, namely the number density, 
the helicity and the transversity PDFs. One way to access exper-
imentally these TMD PDFs is via semi-inclusive lepton–nucleon 
deep inelastic scattering (SIDIS), i.e. by studying deep-inelastic 
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hadrons. When the target nucleon is transversely polarised, the 
SIDIS cross section exhibits different azimuthal modulations [3] in 
different combinations of the two angles φS and φh . These are 
the azimuthal angles of the initial nucleon transverse spin vec-
tor and of the produced hadron momentum in a reference system, 
in which the z-axis is the virtual photon direction and the x–z
plane is the lepton plane according to Ref. [4]. The amplitudes 
of the modulations in the cross section (the so-called transverse 
spin asymmetries) are proportional to convolutions of TMD PDFs 
with TMD fragmentation functions. The two most thoroughly stud-
ied transverse spin asymmetries are the Collins and Sivers asym-
metries. The Collins asymmetries allow access to the transversity 
PDFs coupled to the Collins fragmentation functions [5]. The Sivers 
asymmetries give access to the Sivers PDFs [6], which describe 
the correlations between quark transverse momentum and nu-
cleon spin. A Sivers PDF always appears in combination with an 
‘ordinary’ (unpolarised) fragmentation function that describes the 
fragmentation of a quark into a hadron.
In this paper, we present results on the Collins and Sivers asym-
metries for pions and kaons produced on transversely polarised 
protons in a NH3 target. Such measurements are in line with 
the set of measurements done by the COMPASS Collaboration in 
the last years. Results on polarised deuterons were obtained for 
unidentiﬁed hadrons [7], pions and kaons [8], and on polarised 
protons for charged unidentiﬁed hadrons [9–11]. The results pre-
sented in this Letter are extracted from all available COMPASS data 
taken in 2007 and 2010 using transversely polarised protons. For 
the measurements in 2007 and 2010, a similar spectrometer con-
ﬁguration was used. As compared to the measurements on trans-
versely polarised deuterons, the measurements on transversely po-
larised protons beneﬁt from a major upgrade of the apparatus per-
formed in 2005. Of particular relevance for these measurements is 
the upgrade of the RICH detector [12], which led to improved ef-
ﬁciency and purity for the samples of identiﬁed particles, and the 
use of a new target solenoid magnet with a polar angle acceptance 
of 180 mrad as compared to the 70 mrad of the magnet used until 
2005. Measurements of these asymmetries by the HERMES exper-
iment exist [13,14] in a different kinematic range (measurements 
in a limited x range also exist on neutron targets, see [15–17]). 
Comparison with these results are also presented in the paper.
2. Apparatus and data selection
The COMPASS spectrometer [18] is in operation in the North 
Area of CERN since 2002. The μ+ beam provided by the M2 
beam line had a momentum of 160 GeV/c, a momentum spread 
p/p = ±5%, and a longitudinal polarisation of −80% that origi-
nated from the π -decay mechanism. The mean beam intensity was 
about 2.3 × 107μ+/s and 4 × 107μ+/s with spill lengths of 4.8 s 
and 10 s in 2007 and 2010, respectively.
The target consisted of three cylindrical cells of 4 cm diameter, 
each separated by gaps of 5 cm. The length of the central cell was 
60 cm and that of the two outer ones 30 cm. For the measure-
ment of transverse spin effects, the target material was polarised 
along the vertical direction. In order to reduce systematic effects, 
neighbouring cells were polarised in opposite directions, which al-
lows for simultaneous data taking with both target spin directions. 
To further minimise systematic effects, the polarisation of each cell 
was reversed every 4–5 days. During the 2007 data taking, a total 
amount of 12 × 109 events (440 TB) was recorded in six periods, 
each consisting of two sub-periods of data taking with opposite 
polarisation. In 2010 about 37 × 109 events (1.9 PB)of raw data 
were recorded over twelve periods.Only events with a photon virtuality Q 2 > 1 (GeV/c)2 and a 
mass of the hadronic ﬁnal state W > 5 GeV/c2 have been used to 
ensure the kinematic region of DIS. The upper limit on the frac-
tional energy of the virtual photon (y) was set to 0.9 to reduce 
uncertainties due to electromagnetic radiative corrections and con-
tamination from pion decay. A lower limit on y is required to 
ensure a good resolution in this variable. In the standard analy-
sis this limit has been set to 0.1. A complementary sample with 
0.05 < y < 0.1 was also studied, mainly to address the Q 2 depen-
dence of the asymmetries. The Bjorken variable x covers the range 
from 0.003 to 0.7. A minimum value of 0.1 GeV/c for the hadron 
transverse momentum phT with respect to the virtual photon di-
rection was required to ensure good resolution in the measured 
azimuthal angle. A minimum value for the relative hadron en-
ergy z with respect to the virtual photon energy is needed to 
select hadrons from the current fragmentation region. This value 
has been set to 0.2 for the standard sample, while a complemen-
tary lower-z region (0.1 < z < 0.2) was also studied.
The stability of the apparatus during data taking is crucial. 
Therefore, various tests were performed using the 2007 and 2010 
data, as described in [9–11]. As a result from these quality tests, 
only four periods of data taking in 2007 were used for the anal-
ysis of the Sivers asymmetries, while for the Collins asymmetry 
all six periods were used. This can be understood as the Sivers 
asymmetry is very sensitive to instabilities in the spectrometer ac-
ceptance, because it represents the amplitude of the modulation 
that depends on the azimuthal angle of the hadron transverse mo-
mentum with respect to the target spin vector, which is aligned 
along a ﬁxed direction. Due to improved detector stability, all peri-
ods of 2010 could be used for the extraction of both asymmetries.
3. Particle identiﬁcation
3.1. Charged pions and kaons
The RICH detector information was used to identify charged 
hadrons as kaons and pions in the momentum range between 
the Cherenkov threshold (about 2.6 GeV/c for pions, 9 GeV/c for 
kaons) and 50 GeV/c. The detector after the upgrade of 2005 and 
the particle identiﬁcation (PID) procedure are described in Ref. [19]
and only the relevant details of the likelihood PID method are 
given here.
The pattern of the detected photons in each event is anal-
ysed taking into account the predicted path of the charged particle 
to compute likelihood values for each reconstructed track enter-
ing the RICH acceptance. The likelihood values are computed for 
different mass hypotheses (LM , with M = π, K , p, e) and for the 
hypothesis of absence of signal, namely the so-called background 
hypothesis (Lback). A mass value is attributed to a track if the like-
lihood for the corresponding mass hypothesis is the largest. In 
addition, cuts on the ratio of the largest likelihood value to the 
second largest one are applied to minimise the misidentiﬁcation 
probability. A speciﬁc cut on the ratio LK /Lback is applied to keep 
the contamination of protons in the kaon sample at a few percent 
in the momentum range between the kaon and the proton thresh-
olds one (about 18 GeV/c). The cuts have been tuned to improve 
the particle identiﬁcation eﬃciency and the sample purity (deﬁned 
as the fraction of K (π ) inside the identiﬁed K (π ) sample) in 
order to maximise their product which is the ﬁgure of merit for 
particle identiﬁcation. The tuning has been performed on the data 
collected in 2007 and, thanks to the high stability of the detector, 
the same cuts have been applied for the 2010 data.
The particle identiﬁcation eﬃciencies and misidentiﬁcation 
probabilities were determined using samples of pions from the K 0
decay and of kaons from the φ decay. The eﬃciencies are about 
C. Adolph et al. / Physics Letters B 744 (2015) 250–259 253Fig. 1. Purity of the identiﬁed positive and negative kaons as a function of x, z, phT .
Fig. 2. Momentum p (left), relative energy z (centre), Q 2 (right) distribution of the unidentiﬁed charged hadrons (white), pions (light grey) and kaons (dark grey). The same 
code for particles, with slightly lighter gray tones is used for the 0.1 < z < 0.2 kinematic interval; the standard selection is used for the kinematic distributions in x and Q 2.
Fig. 3. Mean values of the transverse momentum phT (left), relative energy z (centre), Q
2 (right) of the unidentiﬁed positive hadrons (circles), pions (squares) and kaons 
(triangles). The mean values for negative particles are essentially identical.97% for pions and 94% for kaons. These values start to decrease for 
momenta about 30 GeV/c and reach values of 60% in the larger 
momentum region. In order to achieve high values of the sample 
purity, the misidentiﬁcation probabilities between pions and kaons 
were kept as low as a few percent even at the largest momen-
tum values, by adjusting the value of the cut on the ratio of the 
largest likelihood value to the second largest one. The purity de-
pends also on the relative population of the various particle types 
and is evaluated from the particle identiﬁcation eﬃciencies and 
misidentiﬁcation probabilities and the number of identiﬁed kaons 
and pions for every bin in which the asymmetry are measured. 
The proton contribution is very small as already mentioned, and 
was neglected for the purity calculation. The average purity values 
for pions are above 99%. The kaon purity in the different x, z, and 
phT bins is shown in Fig. 1. It is about 94% with a mostly mild de-
pendence on the variables. The strongest dependence is visible in 
the large z region for the negative kaon sample, which is due to 
the increasing ratio of pions to kaons. Both the sample purity and 
the identiﬁcation eﬃciency have been measured and found to be compatible in the two data taking years as well as in the different 
periods of each year. Effects due to the hadron identiﬁcation using 
the RICH have been evaluated and found to be small with respect 
to the statistical uncertainties (less than half of the statistical un-
certainties in the worst case, namely the last z bin). No correction 
has been applied to the ﬁnal results and the estimates of the pos-
sible effects have been included in the systematic point-to-point 
uncertainties.
In Fig. 2 the distributions in momentum p, z and Q 2 for 
identiﬁed pions and kaons are shown and compared to those for 
unidentiﬁed hadrons. The clearly visible differences in the p and z
distributions are due to the different momentum cuts required by 
the particle identiﬁcation. The mean values of the phT , z and Q
2
distributions as a function of x are shown in Fig. 3. The different 
x dependence of the mean values of z for the different particles 
is due to the different cuts in momentum combined with the x
dependence of the kinematic correlation between z and p. The 
resulting statistics for charged pions and kaons after all cuts are 
shown in Table 1.
254 C. Adolph et al. / Physics Letters B 744 (2015) 250–259Fig. 4. Left: Armenteros–Podolansky plot of the hadron pair. Right: Difference of the invariant mass of the hadron pair and the PDG value of the K 0 mass. The mass range 
used for the analysis is shaded.Table 1
Final statistics for 2007 and 2010 for identiﬁed charged pions and kaons and neutral 
kaons.
Year Number of particles (×10−6)
π+ π− K+ K− K 0
2007 (Collins) 10.77 9.41 1.79 1.10 0.37
2007 (Sivers) 6.84 5.97 1.12 0.69 0.25
2010 27.26 23.72 4.48 2.71 1.00
3.2. K 0 identiﬁcation
The K 0 identiﬁcation is based on the detection of two oppo-
sitely charged tracks coming from a secondary vertex, for which 
the 2-pion invariant mass lies in the window mK 0 ± 20 MeV/c2. 
A separation between the primary and the secondary vertex of 
at least 10 cm was required. Furthermore, the angle between the 
reconstructed momentum vector of the track pair and the vector 
connecting the primary and secondary vertices was required to be 
smaller than 10 mrad. On the left side of Fig. 4, the Armenteros–
Podolansky plot of the hadron pair is shown, in which the trans-
verse momentum pT of one hadron with respect to the sum of 
hadron momenta is shown as a function of the difference of the 
longitudinal momenta over their sum, (pL1 − pL2)/(pL1 + pL2). 
The K 0 band is clearly visible as well as the  and ¯ bands. In 
order to exclude the contamination by the /¯ signal, the pT
region between 80 MeV/c and 110 MeV/c was excluded. The back-
ground from e+e− pairs was suppressed by a lower cut on pT
at 40 MeV/c. For the detected K 0s, the difference between their 
mass value and the PDG [20] value is shown in the right panel 
of Fig. 4, where the vertical lines at ±20 MeV/c2 enclose the K 0s 
used for further analysis. The asymmetry in the background visi-
ble in the plot is a consequence of the pT cut used to suppress the 
/¯ contamination which reduces the ratio ‘background to total’ 
in the selected mass range from 0.07 to 0.02. The transverse spin 
asymmetries of the background have been checked to be compati-
ble with zero and the overall effect on the ﬁnal results have been 
evaluated to be completely negligible as compared to the statisti-
cal uncertainties. The same cuts on z and phT as for the charged π
and K samples were applied to the neutral kaons. The mean value 
of the relevant kinematic variables are very close to those for pi-
ons given in Fig. 3 and the ﬁnal statistics for the K 0 sample are 
given in Table 1.
4. Results
In order to extract the transverse spin asymmetries from the 
data, the same procedure as described in Refs. [10,11] was used. The asymmetries were evaluated in bins of the kinematic vari-
ables x, z, or phT , using the same binning as in our previous 
analyses [8]. All the numerical results are available on HEPDATA. 
The (φS , φh) distributions from the different target cells and sub-
periods were ﬁtted using an extended maximum likelihood es-
timator [9], and the eight transverse spin asymmetries expected 
in the SIDIS process were extracted simultaneously. It has been 
checked that including in the ﬁt possible additional terms due 
to the longitudinal components of the target polarisation [21], 
the changes in the resulting Sivers and Collins asymmetry val-
ues are negligible as compared to the statistical uncertainty. Note 
that the asymmetry reported here (one dimensional projection, 
integrated over the other kinematics variables) have in principle, 
the instrumental acceptance folded in. They are not corrected for 
it since in all our simulations the corrections turned out to be 
negligible.
The resulting sin(φh + φs) and sin(φh − φs) modulations yield 
the Collins and Sivers asymmetries, respectively, after division by 
i) the target material dilution factor f , ii) the average target proton 
polarisation, and for the Collins asymmetry iii) the transverse spin 
transfer coeﬃcient. In addition to ammonia the target cells contain 
small amounts of other materials. The dilution factor takes into 
account that the selected sample does not only include scatter-
ing on the polarised protons but also on other nuclei (i.e. different 
isotopes of He and N), whose content inside the solid state tar-
get containers is known better than % level. As for all the other 
COMPASS results on spin dependent observables (see f.i. [22]), the 
dilution factor f is expressed in terms of the number nA of nu-
clei with mass number A and the corresponding spin-independent 
cross sections σ totA per nucleon (corrected for radiative effects) 
for all the elements involved f = nH · σ totH /(AnA · σ totA ). The to-
tal cross section ratios, σ totA /σ
tot
H , are obtained from the struc-
ture function ratios, F n2 (x, y)/F
p




2 (x, y) [23,
24]. The original procedure leading from the measured cross sec-
tion ratios σ totA /σ
tot
H to the published structure function ratios was 
inverted step by step involving the corrections to account for the 
non-isoscalar content of the target and the radiative corrections. 
For unmeasured nuclei the cross section ratios are obtained in 
the same way from a parameterisation of FA2 (x, y)/F
d
2 (x, y) as a 
function of A. In the present analysis, the dilution factor is mod-
iﬁed by a correction factor ρ = σ 1γp /σ totp accounting for the dilu-
tion due to radiative events on unpolarised protons [25]. Moreover 
a correction for polarisation of the admixture of 15N to 14N is 
also applied. The dilution factor is calculated in any bin and for 
every event using x and y. Its dependence on other kinematic 
variables, e.g. on pT or zh has been studied but no signiﬁcant 
variation was observed at COMPASS energies. The resulting dilu-
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Fig. 6. The Collins asymmetries for charged pions (top), charged kaons (middle) and neutral kaons (bottom) on proton as a function of x, z and phT .tion factor increases with x from about 0.14 to 0.17. As a func-
tion of z and phT it is almost constant with an average value 
of 0.15.
A non-ﬂat azimuthal acceptance introduces correlations be-
tween the various modulations resulting from the ﬁt. The correla-
tion coeﬃcients for Collins vs. Sivers asymmetries are found to be 
small and below 0.2 for all bins. Moreover, the asymmetries mea-
sured along different projections of the (x, z, phT ) phase space are 
statistically correlated, because the overall sample of events is the 
same. In the case of COMPASS, these correlation coeﬃcients for the 
Collins and for the Sivers asymmetries are all smaller than about 0.3, but non-negligible, so that they should be taken into account 
in any global ﬁt. They are slightly different for kaons and pions 
due to the different kinematic coverage of the two samples.
In order to estimate the systematic uncertainties, several tests 
were performed based on our previous work for the charged 
hadrons [9–11]. The effect of changes in the azimuthal acceptance 
between the data sets used to extract the asymmetries was quanti-
ﬁed building false asymmetries, namely assuming a wrong polari-
sation direction in the target cells. The Collins and Sivers asymme-
tries were extracted splitting the data according to the scattered 
muon direction (up and down, left and right), and the statistical 
256 C. Adolph et al. / Physics Letters B 744 (2015) 250–259Fig. 7. The Collins asymmetries for pions (top) and kaons (bottom) as a function of 
z and phT , requiring x > 0.032.
compatibility of the results was checked. No such false asymme-
try was observed within the accuracy of the measurement and the 
point-to-point systematic uncertainties were evaluated from these 
tests as a fraction of the statistical error. For 2010, this fraction 
is 0.6 and for 2007 it ranges between 0.5 and 0.7. The system-
atic uncertainty due to particle misidentiﬁcation is very small and 
included in these fractions. All results are subject to a 5% scale 
uncertainty that results from the uncertainties in the target polar-
isation and dilution factor.
For both years of data taking, the asymmetries were evalu-
ated in each period and their compatibility was checked. While 
for 2010 this test shows good agreement among the results of 
the different periods, for 2007 it introduces an additional source 
of systematic uncertainties for the Sivers asymmetries. Very much 
like in the case of unidentiﬁed hadrons, an additional absolute 
uncertainty of ±0.012 was assigned to the π+ Sivers asymme-
try. No such time dependence was observed either for the other 
hadrons or for the Collins asymmetries. This value is taken to be 
half of the difference between the mean asymmetries evaluated 
using the data from the beginning and the end of the 2007 data 
taking. Fig. 5 shows the Collins and Sivers asymmetries for pi-ons as a function of x from the two data taking years, obtained 
as weighted mean of the asymmetries from the different peri-
ods. The two measurements are in good agreement for the pions 
and for the not shown kaons. The substantial improvement of the 
statistical precision of the 2010 data with respect to the 2007 
data amounts to a factor of 1.6 for the Collins asymmetry and 
of 1.9 for the Sivers asymmetry. The ﬁnal results were obtained 
combining the two samples, taking into account the different sta-
tistical and systematic uncertainties. The resulting systematic un-
certainties are about 0.6 of the statistical ones for all the particle 
types.
The Collins asymmetries as a function of x, z, or phT measured 
by COMPASS for pions and kaons on transversely polarised pro-
tons are shown in Fig. 6. The pion asymmetries are very similar 
to the unidentiﬁed hadron asymmetries [10]: at small x they are 
compatible with zero, while in the valence region they show an 
increasing signal, which has opposite sign for π+ and π− . This 
naively indicates that the unfavoured and favoured Collins frag-
mentation functions have opposite sign. The results for charged 
kaons, although with larger statistical uncertainties, show a similar 
trend: in particular the K+ asymmetry has a negative trend with 
increasing x, and the K− one is positive on average. The Collins 
asymmetry for neutral kaons shows a positive trend with increas-
ing z. The average asymmetry is positive but compatible with zero 
within the statistical uncertainty. In order to investigate in more 
detail the behaviour of the asymmetries as a function of z and 
phT , the asymmetries for charged hadrons were evaluated in a re-
gion where the signal is different from zero, namely x > 0.032. 
The results are shown in Fig. 7 for pions and kaons. They are in 
good agreement with the other existing measurements on a pro-
ton target from the HERMES experiment [13]. This is a non-obvious 
result, as in the last x bins the COMPASS Q 2 values are larger by 
a factor 3–4 than the HERMES ones. The weak Q 2 dependence of 
the Collins asymmetry is also supported by a recent global ﬁt [26]
of the HERMES pion results, the COMPASS preliminary pion asym-
metries from the 2010 data, and the Belle [27] e+e− → π+π−
asymmetries, which is able to provide a good description of all the 
data sets. A comparison between the ﬁnal results of this paper and 
the ﬁt is shown in Fig. 8.
The Collins asymmetry for charged hadrons was further investi-
gated by extending the standard kinematic ranges in z and y. Com-
pared to the above presented results, the asymmetries extracted in Fig. 8. Comparison between the Collins asymmetries for pions and one of the ﬁts in [26] (ﬁt with standard parameterisation and ﬁt of A12 Belle asymmetries [27]). The 
preliminary asymmetries from 2010 data are included in the ﬁt.
C. Adolph et al. / Physics Letters B 744 (2015) 250–259 257Fig. 9. The Sivers asymmetries for charged pions (top), charged kaons (middle) and neutral kaons (bottom) as a function of x, z and phT .the low-z region (0.1 < z < 0.2) gave no indication for a substan-
tial z-dependence, neither for pions nor for kaons. Similarly, in the 
low-y region (0.05 < y < 0.1) the pion asymmetries do not exhibit 
any special behaviour, while the kaon ones suffer from too low 
statistics.
The Sivers asymmetries measured by COMPASS for pions and 
kaons on transversely polarised protons are shown in Fig. 9. Also 
in this case, the pion asymmetries are very similar to the unidenti-
ﬁed hadron asymmetries [11]. The asymmetries for negative pions 
and kaons, as well as for neutral kaons are compatible with zero, 
while for positive pions and kaons there is a clear evidence for 
a positive signal extending over the full measured x region and 
increasing with z. Very intriguing is the fact that, as for HER-
MES [14], the K+ signal is larger than the π+ one, which indicates 
a possibly not negligible role of sea quarks [28–30]. This is well 
visible in Fig. 10, where the two asymmetries are directly com-
pared, and from the mean values in the x > 0.032 region, which 
are respectively 0.027 ±0.005 and 0.043 ±0.014. Unlike the case of 
the Collins asymmetry, the Sivers asymmetry measured by COM-
PASS at large x for positive pions and kaons is smaller than the 
one from HERMES [14]. This difference is well visible also in the 
z and phT variables when selecting the x > 0.032 region of the 
COMPASS data, as shown in Fig. 11. Several ﬁts, which include 
the recently revisited Q 2 evolution, were performed using HER-
MES asymmetries [14], COMPASS asymmetries on deuteron [8] and 
for unidentiﬁed hadrons on proton [11], and JLab Hall A asym-
metries on 3He [15,16]. In Fig. 12, the results of some of these 
ﬁts [31–33], which employ Q 2 TMD evolutions, are shown to well 
reproduce the COMPASS results. It will be interesting to see the re-Fig. 10. The Sivers asymmetries for positive pions and kaons, as a function of x.
sults of such ﬁts when the results presented in this Letter will be 
included.
More information on the Q 2 evolution is provided by the study 
of the Sivers asymmetries in the low-y region between 0.05 and 
0.1, performed only using the 2010 data (as already done for 
charged hadrons [10,11]). The pion asymmetries in this region are 
compared in the left panel of Fig. 13 to the asymmetries obtained 
in the standard y range. In the region of overlap the mean Q 2
values of these two samples are respectively 3.5 (GeV/c)2 and 
1.8 (GeV/c)2. As for unidentiﬁed hadrons, there is an indication 
for an increase of the π+ asymmetries at low-y. The dependence 
of the Sivers asymmetries with z is further investigated consid-
ering the z region between 0.1 and 0.2, where the asymmetries 
258 C. Adolph et al. / Physics Letters B 744 (2015) 250–259Fig. 11. The Sivers asymmetries for positive pions (top) and kaons (bottom) on proton as a function of x, z and phT , requiring x > 0.032. The asymmetries are compared to 
HERMES results [14].
Fig. 12. Comparison between the Sivers asymmetries for pions and existing global ﬁts [31–33], in which the COMPASS results for the unidentiﬁed hadrons on protons [11]
are included.
Fig. 13. The Sivers asymmetries for pions in different y ranges (left) and z ranges (right), 2010 data.
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a function of x for the two separated z ranges are shown in the 
right panel of Fig. 13. For negative pions, a positive signal shows 
up in the low-z region, which is not observed for larger values 
of z.
In summary, using the high statistics data collected in 2007 and 
2010, COMPASS has measured the Collins and Sivers asymmetries
in muonproduction of charged pions and charged and neu-
tral kaons produced off transversely polarised protons. The high 
energy muon beam allowed the measurement of a broad kine-
matic range in x and Q 2. The x, z and pT dependences of 
the asymmetries were studied. Further investigations extending 
the range in z and y were also performed. The Collins asym-
metries are deﬁnitely different from zero for pions and there 
are hints of a non-zero signal also for kaons, although in this 
case the statistical signiﬁcance is marginal. The Sivers asymme-
tries are positive for positive pions and kaons, although differ-
ent in size. This result is of particular interest since it can be 
used to access the sea quark Sivers PDFs. The results presented 
in this paper provide an important input for the global anal-
yses. Together with other measurements covering complemen-
tary kinematic ranges, they allow the study of the Q 2 depen-
dence of the asymmetries and the quantitative extraction of the 
Collins FF and of the transversity and Sivers PDFs. This informa-
tion is crucial for the predictions for future Drell–Yan measure-
ments and for measurements at future high-energy electron–ion 
colliders.
Acknowledgements
This work was made possible thanks to the ﬁnancial support 
of our funding agencies. We also acknowledge the support of the 
CERN management and staff, as well as the skills and efforts of the 
technicians of the collaborating institutes.References
[1] A. Kotzinian, Nucl. Phys. B 441 (1995) 234.
[2] P.J. Mulders, R.D. Tangerman, Nucl. Phys. B 461 (1996) 197;
P.J. Mulders, R.D. Tangerman, Nucl. Phys. B 484 (1997) 538 (Erratum).
[3] A. Bacchetta, et al., J. High Energy Phys. 0702 (2007) 093.
[4] A. Bacchetta, et al., Phys. Rev. D 70 (2004) 117504.
[5] J.C. Collins, Nucl. Phys. B 396 (1993) 161.
[6] D.W. Sivers, Phys. Rev. D 41 (1990) 83.
[7] E.S. Ageev, et al., COMPASS Collaboration, Nucl. Phys. B 765 (2007) 127.
[8] M. Alekseev, et al., COMPASS Collaboration, Phys. Lett. B 673 (2009) 127.
[9] M. Alekseev, et al., COMPASS Collaboration, Phys. Lett. B 692 (2010) 240.
[10] C. Adolph, et al., COMPASS Collaboration, Phys. Lett. B 717 (2012) 376.
[11] C. Adolph, et al., COMPASS Collaboration, Phys. Lett. B 717 (2012) 383.
[12] P. Abbon, et al., Nucl. Instrum. Methods Sect. A 616 (2010) 21.
[13] A. Airapetian, et al., HERMES Collaboration, Phys. Lett. B 693 (2010) 11.
[14] A. Airapetian, et al., HERMES Collaboration, Phys. Rev. Lett. 103 (2009) 152002.
[15] X. Qian, et al., Jefferson Lab Hall A Collaboration, Phys. Rev. Lett. 107 (2011) 
072003.
[16] K. Allada, et al., Jefferson Lab Hall A Collaboration, Phys. Rev. C 89 (2014) 
042201.
[17] Y.X. Zhao, et al., Jefferson Lab Hall A Collaboration, Phys. Rev. C 90 (5) (2014) 
055201.
[18] P. Abbon, et al., COMPASS Collaboration, Nucl. Instrum. Methods Sect. A 577 
(2007) 455.
[19] P. Abbon, et al., Nucl. Instrum. Methods Sect. A 631 (2011) 26.
[20] J. Beringer, et al., Particle Data Group, Phys. Rev. D 86 (2012) 010001.
[21] M. Diehl, S. Sapeta, Eur. Phys. J. C 41 (2005) 515, arXiv:hep-ph/0503023.
[22] M.G. Alekseev, et al., COMPASS Collaboration, Phys. Lett. B 690 (2010) 466.
[23] P. Amaudruz, et al., New Muon Collaboration, Nucl. Phys. B 371 (1992) 3.
[24] J. Ashman, et al., European Muon Collaboration, Z. Phys. C 57 (1993) 211.
[25] A.A. Akhundov, D.Yu. Bardin, L. Kalinovskaya, T. Riemann, Fortschr. Phys. 44 
(1996) 373.
[26] M. Anselmino, et al., Phys. Rev. D 87 (2013) 094019.
[27] R. Seidl, et al., Belle Collaboration, Phys. Rev. D 86 (2012) 032011(E).
[28] A.V. Efremov, K. Goeke, P. Schweitzer, Eur. Phys. J. Spec. Top. 162 (2008) 1.
[29] A.V. Efremov, K. Goeke, P. Schweitzer, Czechoslov. J. Phys. 56 (2006) F181.
[30] M. Anselmino, et al., Eur. Phys. J. A 39 (2009) 89.
[31] M. Anselmino, E. Boglione, S. Melis, Phys. Rev. D 86 (2012) 014028.
[32] P. Sun, F. Yuan, Phys. Rev. D 88 (2013) 114012.
[33] M.G. Echevarria, et al., Phys. Rev. D 89 (2014) 074013.
